Introduction
Mitogen-activated protein kinase (MAPK) pathways play a key role in mediating cell growth and apoptosis (1) (2) (3) . Accumulating evidence suggests that members of the MAPK family, including extracellular signal-regulated kinase (ERK), c-Jun NH 2 -terminal kinase (JNK), and p38-MAPKs, play key roles in regulating hypertrophy and apoptosis in cardiac myocytes (4, 5) . Among the components of the MAPK family, mitogenactivated protein kinase kinase kinase (MEKK1) is a 196-kDa serine-threonine kinase that is activated in response to cytokines and various stresses. MEKK1 preferentially activates the JNK pathway and also influences the activity of the ERK pathway, while it has little or no effect on the p38-MAPK pathway (6) (7) (8) . The role of MEKK1 and downstream JNKs in cardiac hypertrophy and apoptosis has been studied predominantly in cultured cardiac myocytes in vitro. The results of these studies indicated that JNK is critical in the development of cardiac hypertrophy (9) (10) (11) (12) (13) (14) (15) . However, an opposing view has been also reported (16) . Similarly, conflicting results have been reported regarding the role of MEKK1 and JNKs in cardiac myocyte apoptosis (4, (17) (18) (19) .
Recently, mice deficient in MEKK1 (MEKK1 -/-mice) have been generated (20) . These mice have defective eyelid closure, a process involving the migration of epithelial cells, but exhibit no apparent abnormality in the heart under base-line conditions. These mice are expected to provide useful information regarding the function of the MEKK1-JNK pathway in the adult mouse heart under stressed conditions in vivo.
We have previously shown that pressure overload causes both cardiac hypertrophy and apoptosis in the mouse heart (21, 22) . We therefore examined how selective deletion of MEKK1 affects cardiac hypertrophy and apoptosis in adult mice in vivo. In particular, we determined (a) whether JNK activation in response to pressure overload is modified in the MEKK1 -/-mice Mitogen-activated protein kinase kinase kinase (MEKK1) mediates activation of c-Jun NH 2 -terminal kinase (JNK). Although previous studies using cultured cardiac myocytes have suggested that the MEKK1-JNK pathway plays a key role in hypertrophy and apoptosis, its effects in cardiac hypertrophy and apoptosis are not fully understood in adult animals in vivo. We examined the role of the MEKK1-JNK pathway in pressure-overloaded hearts by using mice deficient in MEKK1. We found that transverse aortic banding significantly increased JNK activity in Mekk1 +/+ but not Mekk1 -/-mice, indicating that MEKK1 mediates JNK activation by pressure overload. Nevertheless, pressure overload caused significant levels of cardiac hypertrophy and expression of atrial natriuretic factor in Mekk1 -/-animals, which showed higher mortality and lung/body weight ratio than were seen in controls. Fourteen days after banding, Mekk1 -/-hearts were dilated, and their left ventricular ejection fraction was low. Pressure overload caused elevated levels of apoptosis and inflammatory lesions in these mice and produced a smaller increase in TGF-β and TNF-α expression than occurred in wildtype controls. Thus, MEKK1 appears to be required for pressure overload-induced JNK activation and cytokine upregulation but to be dispensable for pressure overload-induced cardiac hypertrophy. MEKK1 also prevents apoptosis and inflammation, thereby protecting against heart failure and sudden death following cardiac pressure overload.
and (b) whether hypertrophy, survival of animals, and cell death in response to pressure overload are affected in MEKK1 -/-mice.
Methods

MEKK1 -/-mice.
Generation of MEKK1 -/-mice has been described previously (20) .
Aortic banding. Transverse aortic banding or sham operation was performed in MEKK1 -/-mice and littermate MEKK1 +/+ mice or nonlittermate C57BL/6 (MEKK1 +/+ ) mice. Since experiments performed by using littermate MEKK1 +/+ mice and nonlittermate C57BL/6 (MEKK1 +/+ ) mice showed indistinguishable results, the data from littermate and nonlittermate MEKK1 +/+ mice were combined. The method of imposing pressure overload in mice has been described (21, 22) . Mice were anesthetized with a mixture of ketamine (0.065 mg/g), xylazine (0.013 mg/g), and acepromazine (0.002 mg/g). Mice were ventilated with a tidal volume of 0.2 ml and a respiratory rate of 110 breaths per minute. The chest was opened at the second intercostal space. Aortic constriction was performed by ligating the transverse thoracic aorta between the innominate artery and left common carotid artery with a 28-gauge needle using a 7-0 nylon suture. To measure arterial pressure, two high-fidelity catheter tip transducers (1.4F; Millar Instruments Inc., Houston, Texas, USA) were used. One was inserted into the right carotid artery and the other into the left femoral artery, and they were carefully advanced to the ascending aorta and abdominal aorta, respectively, where pressures were measured simultaneously. The pressure gradients between the systolic pressure in the ascending aorta and that in the abdominal aorta were calculated as described (21) .
Echocardiography. Mice were anesthetized as described above. Echocardiography was performed using ultrasonography (Apogee CX-200; Interspec Inc., Amber, Pennsylvania, USA) as described previously (23) . A dynamically focused 9-MHz annular array transducer was applied from below, using a warmed saline bag as a standoff. M-mode measurements of left ventricular (LV) internal diameter were made from more than three beats and averaged. Measurements of the LV end-diastolic diameter (LVEDD) were taken at the time of the apparent maximal LV diastolic dimension, while measurements of the LV end-systolic diameter (LVESD) were taken at the time of the most anterior systolic excursion of the posterior wall. LV ejection fraction (LVEF) was calculated by the cubed method as follows: LVEF = [(LVEDD) 3 -(LVESD) 3 ]/(LVEDD) 3 .
Evaluation of MAPK activity. Hearts were homogenated with a lysis buffer containing 25 mM Tris, pH 7.4, 150 mM NaCl, 5 mM EDTA, 10 mM sodium pyrophosphate, 10 mM β-glycerophosphate, 1 mM Na 3 VO 4 , 1% (vol/vol) Triton X-100, 10% (vol/vol) glycerol, 1 mM dithiothreitol, 1 mM PMSF, and 10 µg/ml aprotinin. Equal amounts of the heart homogenate (100 µg) were separated by SDS-PAGE on 10% (wt/vol) gels and transferred onto PVDF membranes. The filters were subjected to immunoblot analyses with anti-phospho-JNK antibody (no. 9255; Cell Signaling Technology Inc., Beverly, Massachusetts, USA), anti-phospho-ERK antibody (no. 9106; Cell Signaling Technology Inc.), or anti-phospho-p38 antibody (no. 9211; Cell Signaling Technology Inc.). Duplicate samples were subjected to immunoblot analyses with anti-JNK1 antibody (sc-474; Santa Cruz Biotechnology Inc., Santa Cruz, California, USA). Some filters were stripped and reprobed with anti-ERK antibody (Zymed Laboratories Inc., South San Francisco, California, USA) or anti-p38 antibody (no. 9212; Cell Signaling Technology Inc.). Blots were quantified by laser scanning densitometry, using NIH Image. The activity of JNK1 was also determined by the immune complex kinase assay using the anti-JNK1 antibody and Glutathione-S-transferase-c-Jun (amino acids 1-79) (Santa Cruz Biotechnology Inc.) as previously described (24) .
Histological analyses. The left ventricles, with the septum, were cut into base, mid-portion, and apex, fixed with formalin, embedded in paraffin, and sectioned at 6 µm thickness. The sections were incubated in 3% H 2 O 2 in PBS to block endogenous peroxidase, and blocked with 5% BSA in PBS. Primary antibodies were diluted at 1.3-3 µg/ml in PBS, and applied on the sections for 1 hour at 37°C. After washing, biotinylated secondary antibodies (BD Pharmingen, San Diego, California, USA) were applied for 1 hour, followed by streptavidin/horseradish peroxidase (BD Pharmingen) for 30 minutes at room temperature, and then diaminobenzidine detection system (Vector Laboratories Inc., Burlingame, California, USA) according to the manufacturer's instruction. Nuclear counterstaining was done with hematoxylin. The following primary antibodies were used: rat anti-mouse Mac-3 mAb against marcrophages (BD Pharmingen), rat anti-mouse CD45RA mAb against lymphocytes (BD Pharmingen), and rat anti-mouse y-6G(Gr-1) against neutrophils (BD Pharmingen).
Myocyte cross-sectional area was measured from images captured from silver-stained 1-µm-thick methacrylate sections as described (22, 23, 25) . Suitable cross sections were defined as having nearly circular capillary profiles and circular-to-oval myocyte sections. No correction for oblique sectioning was made. The outline of 100-200 myocytes was traced in each section. MetaMorph image system software (Universal Imaging Corp., Downingtown, Pennsylvania, USA) was used to determine myocyte cross-sectional area (22, 23, 25) .
Evaluation of apoptosis. DNA fragmentation was detected in situ by using TUNEL as described (22, 23) . Briefly, deparaffinized sections were incubated with proteinase K and DNA fragments labeled with biotinconjugated dUTP and terminal deoxyribonucleotide transferase, and visualized with FITC-ExtrAvidin (Sigma-Aldrich, St. Louis, Missouri, USA). Nuclear density was determined by manual counting of 4′,6-diamidine-2′-phenylindole dihydrochloride-stained (DAPI-stained) nuclei in six fields of each animal using the ×40 objective, and the number of TUNEL-positive nuclei was counted by examining the entire section using the same-power objective. Limiting the counting of total nuclei and TUNEL-positive nuclei to areas with a true cross section of myocytes made it possible to selectively count only those nuclei that clearly were within myocytes (25) . For some samples, triple staining with propidium iodide (Vector Laboratories Inc.), TUNEL, and anti-α-sarcomeric actin antibody (Sigma-Aldrich), and subsequent analyses using confocal microscopy, were performed in order to verify the results obtained with light microscopy. TUNEL-positive cells were also counted in the inflammatory lesions. In this case, the inflammatory area was first identified as described above, and the serial sections were subjected to TUNEL staining.
Northern blot analyses and RT-PCR. Total RNA was isolated from the LV apex part by using Trizol (Life Technologies Inc., Carlsbad, California, USA). Northern blot analyses were performed as described (26) . Genomic DNA was removed by incubation with RNase-free DNase. The method of the RT-PCR has been described (27) . One microgram of total RNA sample was reversetranscribed in 1× PCR buffer (Promega Corp., Madison, Wisconsin, USA) in the presence of 5 mM MgCl 2 , 1 mM dNTPs, 1 U/µl RNase inhibitor, 2.5 µM random hexanucleotide primers, and 2.5 U/µl Moloney murine leukemia virus reverse transcriptase. The RT reaction was carried out at 42°C for 60 minutes, followed by denaturation at 99°C for 5 minutes and cooling at 5°C for 5 minutes. PCR was carried out in 1× PCR buffer containing 2 mM MgCl 2 , 2.5 units of Taq DNA polymerase, and 0.15 µM of the respective primers ( Table 1) . The PCR amplification profile for each of the genes examined involved an initial denaturation step at 95°C for 30 seconds to 1 minute. The primer-annealing step was as follows: TGF-β, 63°C for 60 seconds; TNF-α, 62°C for 30 seconds; and GAPDH, 58°C for 45 seconds. The PCR products were extended for 45 seconds at 72°C, with a final elongation step at 72°C for 7 minutes. The numbers of PCR cycles were as follows: TGF-β, 30; TNF-α, 30; and GAPDH, 20. In all cases, PCR of RNA samples was negative in the absence of RT (data not shown). A quantification of gene expression was achieved by the densitometric analysis of the ethidium bromide staining of the PCR products. At fixed PCR cycle numbers, varying input RNA concentrations from 0.1 to 2.5 µg resulted in a linear amplification for each gene (not shown).
Statistics. All data are reported as mean ± SEM. Statistical analyses between groups were done by one-way ANOVA, and when F values were significant at a 95% confidence limit, differences among group means were evaluated using Fisher's projected least significant difference post-test procedure for group data with P < 0.05 considered significant.
Results
JNK activation by pressure overload is abolished in MEKK1 -/-mice.
To examine whether MEKK1 critically mediates JNK activation by pressure overload in the mouse heart, we evaluated activities of JNKs in MEKK1 +/+ (control) and MEKK1 -/-mouse hearts subjected to sham operation or aortic banding for 1, 7, and 14 days.
Figure 1
Activation of JNK by pressure overload is abolished, while that of ERKs and p38-MAPKs is preserved, in MEKK1 -/-mice. Aortic banding (B) or sham operation (S) was performed in MEKK1 +/+ or MEKK1 -/-mice. The animals were sacrificed at 1, 7, or 14 days. (a and b) The kinase activity of p46-JNK was determined by anti-phosphospecific JNK antibody. Duplicate samples were subjected to immunoblot analyses with anti-JNK1 antibody. In b, the mean of the phospho-p46-JNKs/total JNK1 in control mice with sham operation is expressed as 1 in each group. *P < 0.05, **P < 0.001 vs. control sham-operated in each group. (c) Animals were sacrificed at 7 days. The activity of ERKs and p38-MAPKs was evaluated by immunoblotting with anti-phosphospecific antibody. The filters were reprobed with anti-non-phosphospecific antibody after stripping. The results were representative of five samples per group.
Immunoblot analyses with anti-phospho-JNK antibody indicated 2.9-, 3.5-, and 2.6-fold increases in phospho-p46-JNK in response to pressure overload for 1, 7, and 14 days, respectively, compared with sham operation in control mice (Figure 1, a and b) . Interestingly, pressure overload for 1, 7, or 14 days failed to increase kinase activities of p46-JNK in MEKK1 -/-mice compared with those subjected to sham operation ( Figure 1, a and b) . Longer exposures of the immunoblot showed that there were no significant changes in p54-JNK activity after banding compared with sham operation in control or MEKK1 -/-mice (not shown). Immunoblot analyses of the duplicate samples with anti-JNK1 antibody showed that comparable amounts of the samples were quantitated in these experiments. Immune complex kinase assays using anti-JNK1 antibody confirmed that the activity on JNK1 was significantly increased by aortic banding for
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The 7 days in control mice but not in MEKK1 -/-mice, compared with sham operation in each group (data not shown). These results suggest that MEKK1 plays an essential role in mediating p46-JNK activation by pressure overload in mice. We examined how other members of the MAPK family are affected by pressure overload in our model. In control mice, pressure overload for 7 days caused significant increases in both phospho-ERKs and phospho-p38-MAPK compared with sham-operated mice (Figure 1c) . In MEKK1 -/-mice, the level of phosphoERKs and phospho-p38-MAPK in sham-operated mice was similar to that in control mice, and pressure overload caused comparable levels of increases in both phospho-ERKs and phospho-p38-MAPK compared with those in control mice (Figure 1c) .
Pressure overload causes significant levels of cardiac hypertrophy in MEKK1 -/-mice. We examined whether pressure overload-induced cardiac hypertrophy is affected in MEKK1 -/-mice. Neither the body weight nor the heart weight was significantly different between control and MEKK1 -/-mice before banding (data not shown). This suggests that MEKK1 does not play an essential role in heart development, in contrast to MEKK3, which plays a critical role in cardiovascular development (28) . After 7 and 14 days of banding, the induced pressure gradient was similar in MEKK1 -/-and control mice ( Figure  2a and data not shown). As expected, in control mice, aortic banding for either 7 or 14 days increased LV weight/body weight (LVW/BW) significantly. In MEKK1 -/-mice, aortic banding caused significant increases in LVW/BW at 7 and 14 days (Figure 2b ). The value of LVW/BW at 14 days in MEKK1 -/-mice was even higher than that in control mice. Cardiac hypertrophy by aortic banding in MEKK1 -/-mice was also confirmed by LVW/tibial length, another indicator of cardiac hypertrophy, which was measured at 7 days (Figure 2c ). Cardiac myocyte cross-sectional area was significantly increased after banding in both control and MEKK1 -/-mice, and there was no significant difference in myocyte cross-sectional area between control and MEKK1 -/-mice after 7 days of aortic banding (Figure 2d ). mRNA expression of atrial natriuretic factor (ANF), a fetal-type gene frequently upregulated in many types of cardiac hypertrophy (26) , was determined by Northern blot analyses. ANF expression was upregulated by aortic banding for 7 days in both control and MEKK1 -/-mice. Although ANF expression after banding tended to be higher in MEKK1 -/-mice, there was no statistically significant difference in the level of ANF expression between these two groups (Figure 2e ). Taken together, cardiac hypertrophy develops in response to pressure overload in MEKK1 -/-mice.
Pressure overload causes increased mortality and congestive heart failure in MEKK1 -/-mice. Although pressure overload caused significant levels of cardiac hypertrophy in both control and MEKK1 -/-mice, MEKK1 -/-mice exhibited higher mortality during 14 days of aortic banding. While none of 18 control mice died during 2 weeks after banding, 4 out of 16 MEKK1 -/-mice died between days 7 and 14. In control mice, the lung/body weight of the 14-day aortic banding group did not significantly differ from that of the sham group. By contrast, in MEKK1 -/-mice, the lung/body weight in the 14-day aortic banding group was significantly higher than that in the sham group (Figure 3a) . The lung/body weight in MEKK1 -/-mice subjected to aortic banding may be underestimated, because we could not obtain the lung/body weight from the animals that died before 14 days of aortic banding.
LV dimension and function were evaluated echocardiographically. The LVEDD and LVEF after 7 days of banding in control or MEKK1 -/-mice were not different from those in each sham group (data not shown). LVEDD and LVEF in control mice were maintained at 14 days after banding (Figure 3, b and c) . By contrast, LVEDD was significantly increased while LVEF was significantly reduced (P < 0.05) in MEKK1 -/-mice after 14 days of banding compared with the sham group (Figure 3, b and c) . These results suggest that MEKK1 -/-mice do not tolerate pressure overload as well as wildtype mice do, and they are consistent with the finding that the lung/body weight was increased in MEKK1 -/-mice. The impaired cardiac function and pulmonary congestion indicate that MEKK1 -/-mice actually develop heart failure in response to pressure overload.
Pressure overload causes more cell death and inflammatory regions in MEKK1 -/-mice. There was no significant difference in basal levels of TUNEL-positive cells
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Figure 6
Pressure overload causes more apoptosis in the inflammatory lesions of MEKK1 -/-mice than in those of MEKK1 +/+ mice. MEKK1 +/+ (control) and MEKK1 -/-mice were subjected to aortic banding for 7 days. DAPI staining (a and b) and TUNEL staining (c and d) in LV myocardium 7 days after aortic banding. White arrows indicate TUNEL-positive myocyte nuclei in a control mouse (a and c) and in a MEKK1 -/-mouse (b and d). Bar = 100 µm. (e) TUNEL-positive cells in the inflammatory lesions in LV myocardium. More TUNEL-positive cells were observed in the inflammatory lesions of MEKK1 -/-mice than in those of control mice. *P < 0.05.
Figure 7
Upregulation of TNF-α and TGF-β expression by pressure overload is impaired in MEKK1 -/-mice. MEKK1 +/+ (control) and MEKK1 -/-mice were subjected to either aortic banding or sham operation. After 7 days of pressure overload, animals were sacrificed and total RNA was isolated from the apex. mRNA expression of TNF-α and TGF-β was determined by RT-PCR. Expression of GAPDH was determined as an internal control. Representative ethidium bromide staining of the products of RT-PCR is shown. n = 5.
between control and MEKK1 -/-mice. Surprisingly, 7 days after aortic banding, significantly more TUNELpositive myocytes were observed in the LV myocardium obtained from MEKK1 -/-mice (1.50 ± 0.39 myocytes/mm 2 ) than in that from control mice (0.44 ± 0.08 myocytes/mm 2 , P = 0.02) (Figure 4, a and  b) . The increased level of cardiac myocyte apoptosis was confirmed by triple staining (propidium iodide, TUNEL, and anti-α-sarcomeric actin antibody) and subsequent confocal microscopic analyses (TUNELpositive nuclei per 30 fields, MEKK1 -/-mice [n = 4] vs. control mice [n = 5]: 5 ± 1.32 vs. 2 ± 0.37, P < 0.05) (Figure 4c ). Aortic banding caused multifocal inflammatory lesions in both control and MEKK1 -/-mice. Interestingly, more inflammatory lesions were found in MEKK1 -/-mice (11% ± 1% per section) than in control mice (7% ± 2% per section) after banding ( Figure 5 , a, b, and c). Histochemical analyses of the heart sections indicated that the predominant cell type in the inflammatory lesions was macrophages (Figure 5d ). Interestingly, more TUNEL-positive cells were observed also in the inflammatory lesions of the left ventricles obtained from MEKK1 -/-mice (111.1 ± 11.1 cells/mm 2 ) than in those from control mice (69.7 ± 11.9 cells/mm 2 , P = 0.04) ( Figure 6 ).
Pressure overload-induced upregulation of cytokine expression is impaired in MEKK1 -/-mice.
It has been shown that expression of cytokines is significantly affected by targeted deletion of MEKK1 in embryonic stem cell-derived cardiac myocytes (17) . We therefore examined how expression of two representative cytokines, namely TGF-β and TNF-α, whose expression has been shown to be altered during load-induced cardiac hypertrophy and heart failure (29) (30) (31) , are affected by pressure overload in MEKK1 -/-mice. The results of RT-PCR analyses indicated that pressure overload for 7 days increased mRNA expression of TGF-β and TNF-α in control mice. Although basal expression of TGF-β and TNF-α was similar between control and MEKK1 -/-mice subjected to sham operation, aortic banding caused a smaller increase in TGF-β and TNF-α expression in MEKK1 -/-mice than in control mice (1.3-and 1.2-fold in MEKK1 -/-mice vs. 1.6-and 2.2-fold in control mice) ( Figure 7 ).
Discussion
Pressure overload-induced cardiac hypertrophy occurs even without activation of the MEKK1-JNK pathway. A major conclusion in this report is that cardiac hypertrophy by pressure overload occurs even in the absence of JNK activation in MEKK1 -/-mice. Although activation of JNK has been suggested to play an important role in pressure overload-induced cardiac hypertrophy (32) , parallel signaling mechanisms seem sufficient to compensate and permit cardiac hypertrophy to develop normally in response to pressure overload. Our results are distinct from those of a recent study showing that cardiac hypertrophy and LV dysfunction in transgenic mice with cardiac-specific overexpression of Gαq are significantly attenuated by crossing the animals with MEKK1 -/-mice (33) . This suggests that the signaling mechanisms of cardiac hypertrophy and subsequent cardiac decompensation by pressure overload and Gαq are not identical despite the fact that secretion and production of agonists for Gαq-coupled receptors play an important role in mediating pressure overload-induced cardiac hypertrophy (34) . It has been shown that JNK activation by pressure overload is significantly, if not completely, inhibited by the Gαq carboxyl-terminus peptide (Gαq inhibitor) (35) . Since mechanical stress as well as multiple autocrine/paracrine factors activate multiple parallel signaling mechanisms (reviewed in refs. 5, 34), we speculate that suppressing only one signaling pathway, namely the MEKK1-JNK pathway, may not be sufficient to suppress cardiac hypertrophy by pressure overload.
MEKK1 may play an essential role in maintaining cardiac function in response to pressure overload. In the present study, the animals subjected to aortic banding developed cardiac hypertrophy without overt signs of congestive heart failure until 7 days in both control and MEKK1 -/-groups. Interestingly, more MEKK1 -/-mice than MEKK1 +/+ died after 7 days of banding. The lung/body weight, an index of heart failure, in MEKK1 -/-mice after 14 days of banding was significantly higher than that in control mice. The left ventricle was dilated and the LVEF was not maintained as well in MEKK1 -/-mice in response to pressure overload at 14 days. These results suggest that MEKK1 -/-mice undergo transition from compensated to decompensated stages during the second week of banding and develop congestive heart failure. Although the exact cellular mechanism for MEKK1 -/-to develop heart failure remains to be elucidated, interestingly, MEKK1 -/-mice subjected to pressure overload exhibited more severe macrophage infiltration and more TUNEL-positive cells in the LV myocardium than did wild-type animals even before the animals exhibited signs of congestive heart failure. Since both inflammation (36) and cell death, including apoptosis (37) , are intimately involved in development of congestive heart failure, we speculate that enhanced inflammatory response and cardiac myocyte apoptosis may facilitate transition from compensated LV hypertrophy to a decompensated one in MEKK1 -/-mice. The fact that both inflammation and cell death are enhanced by pressure overload but not by sham operation in MEKK1 -/-mice indicates that MEKK1 and JNK activated by pressure overload should normally prevent pressure overload-induced inflammation and cell death in control hearts.
Pressure overload causes more cell death in MEKK1 -/-mice. It has been shown that overexpression of constitutively active MEKK1 in cardiac myocytes promotes apoptosis, which is presumably mediated by JNK (38) . JNKs play a critical role in mediating cardiac myocyte apoptosis by ischemia/reperfusion (19) . In this regard, the result that MEKK1 -/-mice showed more TUNELpositive cells after banding was surprising, considering the fact that activation of JNKs by pressure overload is impaired in this animal model. Our results are consistent with the recent observation that cardiac myocytes derived from MEKK1 -/-embryonic stem cells showed enhanced apoptosis in response to H 2 O 2 stimulation in vitro (17) . Furthermore, activation of JNK protects cardiac myocytes from apoptosis by nitric oxide (18) . Thus, the role of the MEKK1-JNK pathway in cell survival and apoptosis is cell type-as well as stimulus-specific. We speculate that activation of the MEKK1-JNK pathway by pressure overload leads to stimulation of the cytoprotective mechanisms in the heart.
Upregulation of TNF-α and TGF-β by pressure overload is impaired in MEKK1 -/-mice. TNF-α and TGF-β are two representative cytokines, which are upregulated by pressure overload and play an important role in cardiac hypertrophy (29, 30) and heart failure (31). Interestingly, upregulation of these cytokines by pressure overload was impaired in MEKK1 -/-mice, suggesting that the MEKK1-JNK pathway plays a critical role in upregulation of TNF-α and TGF-β during pressure overload-induced cardiac hypertrophy. This result also suggests that pressure overload-induced cardiac hypertrophy occurs even in the absence of upregulation of TNF-α or TGF-β. Interestingly, decompensation in response to pressure overload occurred in the absence of TNF-α and TGF-β, which does not support the role of these cytokines in the pathogenesis of heart failure. It has been shown that TNF-α expression in response to H 2 O 2 was enhanced in cardiac myocytes derived from MEKK1 -/-mouse embryonic stem cells, causing enhanced apoptosis (17) . It is likely that the signaling mechanism regulating TNF-α expression in vivo is different from that in embryonic stem cell-derived cardiac myocytes in vitro. Although TNF-α has been reported to promote apoptosis in some cell types, including cardiac myocytes (39, 40) , recent studies have indicated that increased expression of TNF-α in myocardium does not stimulate cardiac myocyte apoptosis (41, 42) . Furthermore, it has recently been suggested that TNF-α rather protects cardiac myocytes from apoptosis through activation of NF-κB and subsequent expression of other cytokines, such as IL-6. Enhanced levels of cardiac myocyte apoptosis were observed in mice deficient in both type 1 and type 2 TNF receptors and subjected to myocardial ischemia (43) . Similarly, TGF-β1 has been shown to protect adult cardiac myocytes from apoptosis by hypoxia/reoxygenation (44) , and enhanced levels of cardiac myocyte apoptosis were observed in mice deficient in TGF-β2 (45) . These results suggest that the MEKK1-JNK signaling pathway mediates upregulation of cardioprotective cytokines in response to pressure overload, thereby preventing transition from compensatory to decompensated stages of cardiac hypertrophy and playing a protective role during pressure overload.
